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DuBACKGROUND Current guidelines suggest that patients with left bundle branch block (LBBB) be treated with cardiac
resynchronization therapy (CRT); however, one-third do not have a signiﬁcant activation delay, which can result in
nonresponse. By identifying characteristic opposing wall contraction, 2-dimensional strain echocardiography (2DSE) may
detect true LBBB activation.
OBJECTIVES This study sought to investigate whether the absence of a typical LBBB mechanical activation pattern by
2DSE was associated with unfavorable long-term outcome and if this is additive to electrocardiographic (ECG)
morphology and duration.
METHODS From 2 centers, 208 CRT candidates (New York Heart Association classes II to IV, ejection fraction #35%,
QRS duration $120 ms) with LBBB by ECG were prospectively included. Before CRT implantation, longitudinal strain in
the apical 4-chamber view determined whether typical LBBB contraction was present. The pre-deﬁned outcome was
freedom from death, left ventricular assist device, or heart transplantation over 4 years.
RESULTS Two-thirds of patients (63%) had a typical LBBB contraction pattern. During 4 years, 48 patients (23%)
reached the primary endpoint. Absence of a typical LBBB contraction was independently associated with increased risk of
adverse outcome after adjustment for ischemic heart disease and QRS width (hazard ratio [HR]: 3.1; 95% CI: 1.64 to 5.88;
p < 0.005). Adding pattern assessment to a risk prediction model including QRS duration and ischemic heart disease
signiﬁcantly improved the net reclassiﬁcation index to 0.14 (p ¼ 0.04) and improved the C-statistics (0.63 [95%
CI: 0.54 to 0.72] vs. 0.71 [95% CI: 0.63 to 0.80]; p ¼ 0.02). Use of strict LBBB ECG criteria was not independently
associated with outcome in the multivariate model (HR: 1.72; 95% CI: 0.89 to 3.33; p ¼ 0.11. Assessment of LBBB
contraction pattern was superior to time-to-peak indexes of dyssynchrony (p < 0.01 for all).
CONCLUSIONS Contraction pattern assessment to identify true LBBB activation provided important prognostic
information in CRT candidates. (J Am Coll Cardiol 2015;66:631–41) © 2015 by the American College of Cardiology
Foundation.m the *Department of Cardiology, Rigshospitalet Copenhagen University Hospital, Copenhagen, Denmark; yDivision of Car-
logy, University of Pittsburgh, Pittsburgh, Pennsylvania; zDepartment of Cardiology and Clinical Medicine, Aalborg University
spital, Aalborg, Denmark; xDepartment of Cardiology, Gentofte University Hospital, Hellerup, Denmark; kDepartment of Car-
logy, Holbæk Hospital, Holbæk, Denmark; and the {Division of Cardiovascular Medicine, Duke University Medical Center,
rham, North Carolina. Dr. Saba has received research grants from Medtronic, St. Jude, and Boston Scientiﬁc. Dr. Kisslo has
ABBR EV I A T I ON S
AND ACRONYMS
2DSE = 2-dimensional strain
echocardiography
CRT = cardiac
resynchronization therapy
ECG = electrocardiography/
electrocardiographic
LBBB = left bundle branch
block
LV = left ventricle/ventricular
LVAD = left ventricular assist
device
LVEF = left ventricular ejection
fraction
TDI = tissue Doppler imaging
served as a
Biotronik,
authors ha
Listen to th
Manuscript
Risum et al. J A C C V O L . 6 6 , N O . 6 , 2 0 1 5
LBBB Contraction Patterns and Long-Term CRT Outcome A U G U S T 1 1 , 2 0 1 5 : 6 3 1 – 4 1
632S triking improvement in the prognosisfor patients with symptomatic heartfailure and left bundle branch block
(LBBB) has been obtained in some patients
treated with cardiac resynchronization ther-
apy (CRT) (1,2). Current guidelines recom-
mend LBBB with QRS duration of $150 ms
by electrocardiography (ECG) alone, whereas
the role for CRT in patients with intermedi-
ate QRS duration and LBBB or non-LBBB
QRS morphology is less well established (3).
However, approximately one-third of pa-
tients do not beneﬁt, and some may even
experience worsening after CRT (4). TheSEE PAGE 642relationship between LBBB electrical activation and
the consequent mechanical dysfunction that results
in heart failure is therefore not fully understood.
CRT, an electrical intervention aimed at resolving
the LBBB-related abnormal activation of the left
ventricle (LV) associated with dyssynchronous heart
failure, may alleviate the mechanical dysfunction
caused by this electrical delay (5). In contrast, if
heart failure is caused by underlying myocardial
disease, such as scar, CRT is unlikely to beneﬁt the
patient (5). Thus, methods that reliably reﬂect a
signiﬁcant activation delay of the LV are thought to
be of potential value in selection of candidates for
CRT (6). Unfortunately, current modalities have
generally proven suboptimal in this regard. Indeed,
not all LBBBs by ECG reﬂect a true LV activation
delay (7). Studies using LV endocardial mapping
have reported that up to one-third of patients
thought to have LBBB are misdiagnosed (8,9). Pro-
gressive evidence suggests that an LBBB activation
delay can be identiﬁed from LV mechanical defor-
mation patterns (6,10–16). True LBBB activation
leads to a unique contraction pattern of opposing
wall motion (12) with apical rocking motion (15). We
recently demonstrated the use of 2-dimensional
strain echocardiography (2DSE) to speciﬁcally iden-
tify LBBB-related wall deformation (6,14), which can
be reversed by CRT and is highly predictive of LV
remodeling response (14). It is, however, unknown
whether such patterns are associated with long-term
outcome after CRT.speaker and consultant for GE Healthcare and Phillips. Dr. Gorc
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LBBB undergoing CRT, we hypothesized that: 1)
the absence of a typical LBBB contraction pattern
identiﬁed by 2DSE would be associated with unfa-
vorable long-term outcome in comparison with those
with evidence of typical LBBB contraction; 2) risk
prediction of adverse outcome would be improved
beyond conventional ECG criteria, QRS duration, and
LBBB morphology by identiﬁcation of a typical LBBB
contraction pattern; and 3) risk prediction of adverse
outcome would be improved beyond traditional time-
to-peak indexes of mechanical dyssynchrony.METHODS
STUDY POPULATION. Inc lus ion cr i ter ia . The study
design was prospective, with analysis of the typical
LBBB pattern applied to a consecutive patient series
meeting the inclusion and exclusion criteria. The
population included patients eligible for CRT at 2 cen-
ters. Patients had native LBBB by conventional ECG
criteria (left ventricular ejection fraction [LVEF]#35%,
QRS duration $120 ms, and New York Heart Associa-
tion class II to IV, despite optimal pharmacological
therapy) (17). Overall, 234 patients with LBBB were
included (139 from the University of Pittsburgh Medi-
cal Center and 95 from Gentofte University Hospital,
Denmark). The decision to implant a CRT device was
on the basis of routine ECG criteria. Pre-implant dys-
synchrony was not among the selection criteria.
Exc lus ion cr i te r ia . Patients were excluded if they
had signiﬁcant primary valve disease, atrial ﬁbrilla-
tion, acute coronary syndrome, or revascularization
within 3 months of the baseline echocardiography or
if baseline echocardiographic images were not of
suitable quality for quantitative strain analysis. All
patients were implanted with a CRT device with
deﬁbrillator capacity, according to standard clinical
practice, with 1 lead in the high right atrium, a right
ventricular apical or septal lead, and an LV lead
positioned through the coronary sinus in an epicar-
dial vein targeting posterolateral or lateral branches.
Data collection included pre-implant ECG, echocar-
diography, routine laboratory work, and demographic
and clinical data. The study protocol was approved by
the Institutional Review Boards at both centers and
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633ECHOCARDIOGRAPHY. A full standard echocardio-
graphic examination, including gray-scale images
optimized for 2D strain analysis (mean frame rate
62 17 frames/s) was performedwithin 1 month before
CRT implantation. All echocardiographic studies were
acquired with a Vivid 7 Dimension or Vivid 9 using
a 3.5-MHz ultrasound probe (GE-Vingmed Ultra-
sound, Horten, Norway). Two experienced readers
performed off-line analysis using EchoPac PC version
BT11 (GE-Vingmed Ultrasound). The LV end-systolic
volume, LV end-diastolic volume, and LVEF were
assessed using the biplane Simpson method.
TWO-DIMENSIONAL STRAIN ECHOCARDIOGRAPHY.
Two-dimensional strain echocardiography analysis
was performed from the apical 4-chamber view as
previously described (18). The reference point was
placed at the beginning of the QRS complex. Aortic
valve closure and opening were deﬁned using a
pulsed-wave Doppler ultrasound in the LV outﬂow
tract with a 2-mm sample volume. The endocardial
border was traced in end-systole and the automati-
cally generated region of interest was adjusted to
exclude the pericardium. The integrity of speckle
tracking was automatically detected and visually
ascertained. In case of poor tracking, the region of
interest tracing was readjusted. Segments with
persistent inadequate tracking were excluded from
analysis. In case of inadequate tracking in 2 or more
segments, the patient was excluded from analysis. All
strain analysis was performed blinded to outcome.
DEFINITION OF A TYPICAL LBBB CONTRACTION
PATTERN. Identiﬁcation of a typical contraction
pattern reﬂecting a true LBBB was performed as pre-
viously described (14). All 3 of the following criteria
were required for a study to be read as a typical LBBB
pattern from longitudinal strain curves in the
4-chamber view: 1) early shortening of at least 1 basal
or mid-ventricular segment in the septal wall and
early stretching in at least 1 basal or midventricular
segment in the lateral wall; 2) early septal peak
shortening (within the ﬁrst 70% of the ejection phase);
and 3) lateral wall peak shortening after aortic valve
closure. If 1 of these 3 criteria was not present, the
patient was categorized as having an atypical pattern.
Figure 1A shows an example of a typical LBBB
contraction pattern, and Figure 1B shows an example
of an atypical pattern. Both patients had LBBB by
ECG criteria.
STRICT LBBB ECG CRITERIA. The value of improved
LBBBECG criteria, as recently proposed by Strauss et al.
(7), was investigated. A complete LBBB was deﬁned as
QRS duration of$140 ms in men or$130 ms in women,
QS or rS in leads V1 and V2, and mid-QRS complexslowing or notching in $2 of leads V1, V2, V5, V6, I,
and aVL (7).
TIME-TO-PEAK DYSSYNCHRONY INDEXES. The per-
formance of LBBB contraction pattern assessment
was compared with methods for time-to-peak dys-
synchrony. Radial strain dyssynchrony was deter-
mined by the time difference in peak strain between
the anteroseptal and posterior walls, with $130 ms
deﬁned as signiﬁcant (19). Longitudinal strain dys-
synchrony was determined by the maximal time dif-
ference in peak strain between opposing walls in the
apical 4-chamber view, with $130 ms deﬁned as sig-
niﬁcant (20). Tissue Doppler imaging (TDI)–derived
time-to-peak opposing-wall delay was deﬁned as the
maximal difference in peak velocity at basal segments
and midsegments in opposing walls for the 3 apical
views, with $80 ms deﬁned as signiﬁcant dyssyn-
chrony (13,19).
INTRAOBSERVER AND INTEROBSERVER REPRODUCIBILITY.
The presence of a typical LBBB pattern was evaluated
in 30 randomly selected pre-implantation examina-
tions and re-evaluated by the original observer and
a second, independent observer. The intraobserver
and interobserver concordance on identifying the
typical pattern was evaluated by kappa statistics.
LONG-TERM OUTCOME AND SUBGROUP ANALYSES. The
primary outcome was a composite of all-cause mor-
tality, cardiac transplantation, and implantation of an
left ventricular assist device (LVAD). Vital status for
all patients was ascertained by May 2014 through
chart review, the U.S. Social Security Death Index,
and the Danish civil registration register, respec-
tively. Pre-deﬁned subgroup analysis was planned in
patients with QRS duration between 120 and 150 ms
and >150 ms.
STATISTICAL ANALYSIS. Descr ipt ive stat i st i cs .
Relevant variables were tested for normality using
visual inspection of histogram plots and are pre-
sented as mean  SD. Continuous variables were
compared using the Student t test. Proportional dif-
ferences were tested using chi-square statistics or the
Fisher exact test, as appropriate.
Surv iva l s tat i s t i cs . Proportional hazards assump-
tions were veriﬁed graphically. For all survival ana-
lyses, follow-up was truncated at a maximum of 4 years
(1,460 days). The cumulative probability of the
endpoint was illustrated using the Kaplan-Meier
method, with signiﬁcance testing using log-rank sta-
tistics. Univariate and multivariate predictors of
event-free survival after CRT device implantation were
assessed in Cox proportional hazards models. Candi-
date variableswith p values<0.05 inunivariate analysis
were included in the multivariate model, using
FIGURE 1 Different Contraction Patterns by 2-Dimensional Strain Echocardiography in 2 Patients With LBBB by Electrocardiography
(A) A characteristic left bundle branch block (LBBB) opposing wall motion is present, indicating typical LBBB activation, including early terminated shortening in the
septal wall (blue arrows) with early (pre-stretch) in the lateral wall (yellow arrow) and late lateral peak contraction (red arrow). (B) Atypical LBBB pattern.
Segments show synchronous peak shortening timed at aortic valve closure (blue arrow).
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634backward selection to test the independent associa-
tion between the outcome and the presence of the
LBBB contraction pattern, as well as each of the dys-
synchrony indexes and use of strict LBBB ECG criteria.
Risk rec lass iﬁcat ion by adding LBBB pattern
assessment . Receiver-operating characteristic curve
analysis with use of a nonparametric estimate of thearea under curve and C-statistics with 95% CI was
performed for the multivariate model. For compari-
son between assessment of LBBB contraction pattern
and dyssynchrony indexes, the strength of associa-
tion with outcome for each index was compared
using 2 log likelihood statistics. The ability to
reclassify patient risk when patterns were added to
TABLE 1 Baseline Characteristics
Total Cohort (N ¼ 208)
p Value
LBBB Contraction
(n ¼ 130)
No LBBB Contraction
(n ¼ 78)
Age, yrs 66.1  10 66.3  10 0.9
Female 46 (35) 11 (14) <0.001
NYHA functional class 2.7  0.4 2.7  0.4 0.9
QRS, ms 163  23 153  22 0.004
QRS >150 ms 91 (70) 38 (49) 0.002
Ischemic etiology 61 (47) 59 (76) <0.001
eGFR, ml/min 73  23 70  22 0.44
LVEF, % 24  6 24.5  6 0.7
LVESV, ml 157  64 154  72 0.8
LVEDV, ml 203  74 202  83 0.9
Beta-blocker 118 (91) 72 (92) 0.8
ACEI/ARB 121 (93) 71 (91) 0.6
Values are mean  SD or n (%).
ACEI ¼ angiotensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor blocker; EGFR ¼
estimated glomerular ﬁltration rate; LBBB ¼ left bundle branch block; LVEDV ¼ left ventricular
end-diastolic volume; LVEF ¼ left ventricular ejection fraction; LVESV ¼ left ventricular end-
systolic volume; NYHA ¼ New York Heart Association.
FIGURE 2 Kaplan–Meier Curves Showing Freedom From
Death, LVAD, or Heart Transplant After CRT
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These curves are in relation to the presence or absence of a
typical LBBB contraction pattern. CRT ¼ cardiac resynchroniza-
tion therapy; LVAD ¼ left ventricular assist device; other
abbreviation as in Figure 1.
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635the multivariate model was evaluated by assess-
ment of the net reclassiﬁcation index (NRI) and the
integrated diagnostic improvement (21). Patients
were initially classiﬁed at a low or high risk of an
event if their predicted risk was < or $10%, respec-
tively, a predeﬁned cutoff derived from previous
studies (13,22). Patients might then be reclassiﬁed
into a different category with the added information
of whether or not the LBBB contraction pattern was
present. A 2-tailed p value <0.05 was considered
signiﬁcant in the ﬁnal models. All statistical analyses
were performed using SAS for Windows version 9.3
(SAS institute, Cary, North Carolina).
RESULTS
BASELINE CHARACTERISTICS. Of the 234 patients
with native LBBB, 26 (11%) were excluded because of
atrial ﬁbrillation (3%) or poor image quality (8%);
Accordingly, 208 patients with complete baseline
data were included. The patients’ mean age was
66  10 years, 57 (27%) were female, and 120 (58%)
had ischemic heart disease. One hundred and thirty
patients (62.5%) had a typical LBBB contraction
pattern, 78 (37.5%) patients had an atypical pattern,
and 97  4% had biventricular pacing percentage,
with no difference between groups. Table 1 shows
baseline characteristics according to whether a
typical contraction pattern was present or not.
Baseline characteristics among patients with and
without a pattern differed signiﬁcantly: patients
with typical patterns were more often female (35%
vs. 14%; p < 0.001) and had a wider QRS duration
(163  23 vs. 153  22; p ¼ 0.004), and fewer had
evidence of ischemic heart disease (47% vs. 76%;
p < 0.001).
FOLLOW-UP. The median follow-up was 4.0 years
(IQR: 3.25 to 4 years). During follow-up, 38 patients
(18%) died, 4 (2%) had a heart transplant, and 6 (3%)
received LVADs. Eleven patients (5%) died during the
ﬁrst 6 months after device implantation.
OUTCOME IN RELATION TO TYPICAL VERSUS NOT
TYPICAL LBBB CONTRACTION PATTERN. The ab-
sence of a typical LBBB contraction pattern by 2DSE
was highly associated with a poor outcome (Figure 2).
During 4 years, 40% in the group without a typical
pattern had an adverse event, compared with 14% in
the typical pattern group (hazard ratio [HR]: 3.57; 95%
CI: 2.00 to 6.66; p < 0.001). Among the covariates,
signiﬁcant associations with outcome could be
demonstrated for QRS duration and ischemic etiology
by univariate analysis (Figure 3). In multivariate
analysis, the absence of a typical LBBB contraction
pattern remained independently associated withoutcome (HR: 3.13; 95% CI: 1.64 to 5.88; p < 0.005)
(Figure 3). Adding sex to the multivariate model did
not signiﬁcantly change the results.
INTRAOBSERVER AND INTEROBSERVER REPRODUC-
IBILITY. The intraobserver and interobserver concor-
dances on identifying the typical pattern were 30/30,
kappa ¼ 1.0 and 28/30, kappa ¼ 0.87, respectively.
FIGURE 3 Univariate and Multivariate Risk Analyses of Long-Term Adverse Outcome After CRT
Univariate 
Age ≥ 66 years 1.22 (95% CI 0.69-2.13) 0.50
0.06
0.03
0.04
0.33
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0.05
0.19
0.10
1.0 10.0
0.09
<0.001
0.001
2.10 (95% CI 0.98-4.48) 
1.95 (95% CI 1.05-3.64) 
2.01 (95% CI 1.02-3.20) 
1.33 (95% CI 0.75-2.38) 
1.64 (95% CI 0.92-2.93) 
3.57 (95% CI 2.00-6.66) 
2.22 (95% CI 1.22-4.00) 
1.86 (95% CI 1.05-3.30) 
1.89 (95% CI 1.02-3.53) 
2.11 (95% CI 1.19-3.73) 
3.13 (95% CI 1.64-5.88) 
1.85 (95% CI 0.99-3.44) 
1.76 (95% CI 0.99-3.14) 
1.54 (95% CI 0.81-2.94) 
1.72 (95% CI 0.89-3.31) 
Male
Ischemic etiology
QRS 120- 150 ms
LVEF < 24%
eGFR < 60 ml/min
No typical LBBB contraction
No typical LBBB contraction
No radial strain dyssynchrony
No radial strain dyssynchrony
No TDI dyssynchrony
No strict LBBB by ECG
No longitudinal strain dyssynchrony
No TDI dyssynchrony
No strict LBBB by ECG
No longitudinal strain dyssynchrony
Multivariate†
Hazard Ratio (95% CI)* Hazard Ratio and 95% CIp Value
*Cox proportional hazards modeling with composite outcome of death, LVAD, or heart transplant; †Etiology and QRS duration were added to each of the variables in the
multivariate model. CI ¼ conﬁdence interval; ECG ¼ electrocardiography; eGFR ¼ estimated glomerular ﬁltration rate; LVEF ¼ left ventricular ejection fraction; TDI ¼
tissue Doppler imaging; other abbreviations as in Figures 1 and 2.
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636RISK RECLASSIFICATION BY ADDING LBBB PATTERN
ASSESSMENT. The addition of LBBB pattern assess-
ment to a model including etiology and QRS duration
(>150 ms or #150 ms) signiﬁcantly improved risk
prediction. Figure 4 shows receiver-operating char-
acteristic curves for a model including etiology and
QRS duration versus the same model with contraction
pattern assessment added. C-statistics were 0.63
(95% CI: 0.54 to 0.72) and 0.70 (95% CI: 0.62 to 0.79),
respectively (p ¼ 0.02).
NRI analysis showed that adding pattern assess-
ment to a 4-year 10% risk model with QRS duration
and ischemic heart disease yielded a signiﬁcant in-
tegrated diagnostic improvement (0.067; p < 0.001)
and NRI (0.14; p ¼ 0.04), driven by a correct down-
ward risk classiﬁcation of 45 patients among those
without events (p < 0.001) and an incorrect down-
ward risk reclassiﬁcation in 7 patients with events
(p ¼ 0.008).
LBBB CONTRACTION PATTERNS IN RELATION TO
QRS DURATION. The relationship between the
absence of a typical LBBB contraction and anunfavorable outcome was independent of QRS
duration (Figure 5). For patients with QRS duration
of 120 to 150 ms, absence of typical pattern versus
presence of typical pattern resulted in an HR of 2.9
(95% CI: 1.22 to 7.01; p ¼ 0.02). For QRS duration
of $150 ms, absence of typical pattern versus pres-
ence of typical pattern resulted in an HR of 3.8 (95%
CI: 1.67 to 8.64; p ¼ 0.002). No statistically signiﬁ-
cant differences were found in the risk of an
adverse outcome between groups with typical
pattern (QRS duration of 120 to 150 ms vs. >150 ms;
HR: 1.6; 95% CI: 0.60 to 4.16; p ¼ 0.35) or between
groups without a typical pattern (QRS duration of
120 to 150 ms vs. >150 ms; HR: 1.2; 95% CI: 0.60 to
2.49; p ¼ 0.58).
Of note, only 30% of the patients with QRS width
between 120 and 140 ms showed evidence of typical
LBBB contraction. Among patients with QRS duration
of >140 ms, 65% had a typical LBBB pattern.
OUTCOME IN RELATION TO STRICT LBBB ECG
CRITERIA. Analysis of strict LBBB by ECG was possible
in 206 of 208 patients; 2 ECGs were excluded due
FIGURE 4 ROC Curves for Associations With Outcome of
Models With and Without Echocardiographic Assessment
of the Contraction Pattern
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Receiver-operating characteristic (ROC) curves for the associa-
tions of a model including QRS duration and etiology (blue line/
old model) and a model including assessment of LBBB contrac-
tion pattern, QRS duration, and etiology (red line/new model)
with survival free from heart transplant or LVAD after CRT.
Abbreviations as in Figures 1 and 2.
FIGURE 5 Kaplan-Meier Curves Showing Freedom From
Death, LVAD, or Heart Transplant After CRT
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These are according to baseline QRS duration and the presence or
absence of typical LBBB contraction. Abbreviations as in
Figures 1 and 2.
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637to baseline artifacts. Strict LBBB was present in 136
of 206 patients (66%). Absence of strict LBBB was
signiﬁcantly associated with an unfavorable outcome
(HR: 2.1; 95% CI: 1.2 to 3.7; p ¼ 0.01). However, an
independent association was not found after adjust-
ment for etiology and QRS duration (HR: 1.72; 95% CI:
0.89 to 3.33; p ¼ 0.11).
Addition of LBBB pattern assessment to a model
including strict LBBB ECG criteria etiology and QRS
duration signiﬁcantly improved risk prediction, with
a C-statistic of 0.63 (95% CI: 0.54 to 0.72) versus 0.71
(95% CI: 0.63 to 0.80; p ¼ 0.02).
COMPARISON WITH TIME-TO-PEAK DYSSYNCHRONY
INDEXES. Time-to-peak dyssynchrony analysis was
performed by TDI (n ¼ 205), longitudinal strain
(n ¼ 208), and radial strain (n ¼ 201). All indexes
showed a statistically signiﬁcant association with
outcome in univariate analysis; however, only radial
strain dyssynchrony and TDI opposing-wall delay
showed a (borderline) signiﬁcant relation with
outcome in the multivariate model (Figure 3). LBBB
pattern assessment had a signiﬁcantly higher associa-
tion with outcome compared with each of the dys-
synchrony indexes in themultivariatemodels (p<0.01
for all for difference between parameters).
DISCUSSION
The presence or absence of an electrical activation
delay is an important reason why some patients
respond to CRT and others do not. Identiﬁcation
of the underlying electrical substrate for CRT
by assessment of the mechanical manifestation
using strain echocardiography may be clinically
useful.
The main ﬁndings of the current study were:
1. In more than one-third of patients with LBBB by
conventional ECG criteria, a typical LBBB contrac-
tion pattern was absent; this was independently
associated with a more than 3-fold increase in the
risk of adverse events.
2. Assessment of LBBB-speciﬁc contraction by 2DSE
improved risk prediction beyond ECG (QRS dura-
tion and morphology) and etiology.
3. Assessment of LBBB contraction pattern improved
risk prediction beyond time-to-peak dyssynchrony
measurements.
A recent substudy of the MADIT-CRT (Multicenter
Automatic Deﬁbrillator Implantation Trial—Cardiac
Resynchronization Therapy) study demonstrated
long-term survival beneﬁt in patients with LBBB,
whereas CRT was not beneﬁcial in patients without
LBBB (those with right bundle branch block and
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CRT ¼ cardiac resynchronization therapy; ECG ¼ electrocardiography; HTX ¼ heart transplant; LBBB ¼ left bundle branch block.
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638intraventricular conduction delay morphology) (4). It
seems reasonable to believe that the main mechanism
underlying the differential effect from CRT according
to QRS morphology is whether a signiﬁcant activation
delay is present in the LV. In patients without LBBB,
the left bundle is usually preserved, resulting in
normal LV activation times (7,23). Consequently, there
is no obvious target for CRT (5), and lack of response to
CRT among patients without LBBB is expected. In
contrast, most patients with LBBB by ECG have a sig-
niﬁcant LV activation delay. However, electrophysio-
logical mapping studies have demonstrated that
approximately one-third of patients do not have a
signiﬁcant activation delay (8,9). Combinations of LV
hypertrophy, dilation, isolated fascicular block, and
slowed intraventricular conduction velocity can cause
ECG changes that may be falsely interpreted as a
complete LBBB by conventional criteria (24).
NEED FOR PHYSIOLOGICAL UNDERSTANDING. Methods
that reliably reﬂect the physiology of a signiﬁcant
activation delay of the LV are needed if selection of
CRT candidates is to be improved and therapeutic
expectations are to be more reﬁned. The current
study investigated the importance of a typical LBBB
mechanical deformation pattern for CRT outcome
(Central Illustration). A strong association between
LBBB mechanical contraction and long-term survival
after CRT could be demonstrated, and high-risk pa-
tients were identiﬁed independently of and incre-
mentally to LBBB, QRS duration, and heart failureetiology, which are the most important decision-
making indexes for CRT. NRI analysis further
suggested that adding pattern assessment to a pre-
dictive model including QRS duration of >150 ms
and etiology among patients with LBBB will consid-
erably improve risk reclassiﬁcation, primarily by
identifying patients at low risk (death, LVAD inser-
tion, or transplant) if they have an implanted CRT
device. Thus, the present study supports a valuable
role for 2DSE in risk stratiﬁcation and reﬁnement of
treatment in patients undergoing CRT.
CONTROVERSIES IN ECHOCARDIOGRAPHY-DERIVED
PATIENT SELECTION. Following the PROSPECT (Pre-
dictors of Response to CRT) (25) and ECHO-CRT
(Echocardiography Guided Cardiac Resynchroniza-
tion Therapy) (26) trials, the role for echocardio-
graphy in selection of CRT candidates has been
controversial. In both studies, the mechanical delay
in contraction was addressed by methods that rely on
the time-to-peak principle (19,20,27). However, this
approach may have some limitations (28). Timing of
peak motion alone, whether by velocities or strain,
does not provide any information on the nature of the
wall deformation, such as whether differences are
due to scarring or activation timing differences (13).
Relatively large time-to-peak differences can be
observed in the presence or absence of a true activa-
tion delay (5,29). In particular, patients with ischemic
heart failure due to scarring (30), or with an exacer-
bation in heart failure or other conditions causing
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639changes in regional loading conditions, may manifest
time-to-peak differences that are not due to a true
electrical activation delay (31). In the present study,
dyssynchrony by time-to-peak indexes was signiﬁ-
cantly associated with outcome, with HRs similar to
those previously reported (19), although this relation
had only borderline signiﬁcance (p ¼ 0.05) in the
multivariate model. This observation is likely due to
the current study including only patients with LBBB
ECG morphology, whereas previous studies had also
included a signiﬁcant number of patients without
LBBB (19). Overall, the results indicate that some
echocardiography-derived indexes of mechanical
dysfunction may occasionally be inadequate. By
assessment of the entire contraction pattern reﬂect-
ing the target for resynchronization therapy, risk
prediction was signiﬁcantly improved beyond the use
of simple time-to-peak numbers in patients with
LBBB ECG morphology.
PHYSIOLOGY MAKES A DIFFERENCE. Distinguishing
mechanical dyssynchrony induced by an electrical
activation delay (likely to beneﬁt from CRT) from
mechanical dyssynchrony from other causes (unlikely
to beneﬁt from CRT) may be quite difﬁcult. The pre-
sent study suggests that more attention should be
paid to the complex interplay between walls, which
reﬂects the physiology of activation delay–induced
heart failure. In fact, any method, whether by echo-
cardiography or ECG, should reliably reﬂect this
substrate. Strict ECG criteria for complete LBBB were
recently proposed (7) but were not found to be inde-
pendently associated with adverse outcome in the
present study. Furthermore, strict ECG criteria were
found inferior for risk stratiﬁcation compared with
assessment of contraction patterns by 2DSE. This is in
agreement with observations by Jackson et al. (32),
who reported different contraction patterns in pa-
tients with strict LBBB related to different outcomes.
The data imply that mechanical contraction patterns
using echocardiography-based strain inherently hold
useful information beyond the activation delay for
prediction of outcome after CRT. Computer simula-
tions have shown that LBBB deformation patterns are
primarily determined by wall contractility and the
degree of activation delay in the LV (33). Absence of
typical LBBB mechanical contraction despite LBBB by
ECG indicates that the patient either does not have a
true LBBB or that contractility is decreased to such a
degree that patterns are abolished (6). Either scenario
or a combination of both scenarios is associated with
a poor prognosis and is critical to identify. LBBB
pattern assessment may provide a more logical and
reliable method for identifying such scenarios than is
currently available.CLINICAL PERSPECTIVES. Identiﬁcation of typical
LBBB contraction was found to be beneﬁcial, inde-
pendent of QRS duration and morphology, but
assessment of contraction patterns may be particu-
larly useful in pre-implantation evaluation of patients
in the intermediate QRS duration range of 120 to
150 ms. Patients with a wide QRS duration of
>150 ms have a high a priori likelihood of response,
whereas the role for CRT in the intermediate QRS
duration group is not entirely clear, as reﬂected by
guidelines (3).
In the present study, a majority of patients in the
intermediate QRS group did not have evidence of
LBBB contraction. This was associated with a poor
outcome, with more than a 3-fold increase in risk of
death, LVAD implantation, or heart transplant. In
particular, only a minority of patients with a QRS
duration of between 120 and 140 ms showed me-
chanical evidence of true LBBB. These ﬁndings
further emphasize the importance of careful atten-
tion in selection of CRT candidates in the interme-
diate QRS group. The importance of determining
the mechanisms behind heart failure is essential,
and ECG reading in these patients cannot stand
alone.
STUDY LIMITATIONS. The present study was not
randomized, and there was no comparison with
patients who did not undergo CRT. Accordingly,
the treatment effect from CRT could not be ascer-
tained nor could any adverse effects from CRT be
established.
At present, assessment of LBBB patterns is semi-
quantitative, and a simple number is difﬁcult to
obtain along a continuum of disease. However, as
reﬂected by the interobserver analysis, the method is
highly reproducible. In our experience, this method
can be relatively easily taught to colleagues, fellows-
in-training, and sonographers (14). In addition,
development of an automated algorithm to facilitate
reading of patterns is currently underway.
Myocardial viability was not investigated in the
current study. This may be important to further un-
derstand the relationship between LBBB electrical
activation and the consequent mechanical dysfunc-
tion in future selection of CRT candidates.
CONCLUSIONS
Among patients with LBBB by ECG, those with a
typical LBBB contraction pattern displayed a mark-
edly improved response to CRT compared with those
without a typical LBBB contraction. Patients without
a typical contraction pattern had a 3-fold increased
risk of adverse outcome following implantation. Risk
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: One-
third of patients with LBBB on ECG do not have sig-
niﬁcant LV activation delay, as assessed by 2DSE, and
this discordance is associated with poor clinical re-
sponses to CRT.
TRANSLATIONAL OUTLOOK: The clinical value of
assessing delayed LV activation by 2DSE in candidates
for CRT should be evaluated in larger prospective
trials targeting those with QRS durations in the range
of 120 to 150 ms and long-term outcomes.
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640prediction of an adverse outcome was improved
beyond current selection criteria of QRS duration
and morphology by ECG and was superior to previ-
ously used dyssynchrony indexes. The importance of
the contraction pattern was independent of QRS
duration but may be particularly useful for selection
of patients with LBBB and QRS duration between
120 and 150 ms, in which the role for CRT is still
debated.
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